Optical chemical and bio-sensors have attracted considerable attention in biochemistry and medicine where systems capable of highly sensitive, label-free, and minimally invasive detection 1, 2 are in high demand. Terahertz electromagnetic waves with a spectrum lying between far infrared and microwave regions offer unique properties that are not available at other wavelengths. THz radiation is nonionizing due to its low photonic energy and many substances are predicted to have a specific spectral response in the terahertz range. Most of the current THz sensors are realized in the nonresonant configurations where sample is interrogated directly by the THz light. In resonant sensors, changes in the sample properties are measured indirectly by studying variations in the optical properties of a resonant structure coupled to a sample. In resonant sensing method, one typically employs resonant spectral transmission characteristics or photonic band-gap effect of sensing devices. The sensors detect shifts of the resonant wavelength in response to resonant structure changes caused by the presence of the analyte. These sensors include thin-film micro-strip lines resonators, 3 photonic crystal waveguides, 4 metallized periodic groove structures integrated into parallel-plate waveguides, 5 thin metallic meshes, 6 planar double split-ring resonator arrays, 7 resonant cavities integrated into parallel-plate waveguides, 8 and dielectric pipe waveguides. 9 In the amplitude-based detection methodology, one operates at a fixed wavelength and records changes in the amplitude of a signal, which are then reinterpreted in terms of changes in the analyte refractive index. Among the advantages of this type of sensors are low cost and ease of fabrication, since no precisely engineered resonant or photonic band-gap structure is required.
In this work, we describe a refractometer based on practical plasmonic THz fibers that feature two metallic wires inserted into porous dielectric cladding 10 [see Fig.  1(a) ]. For the purpose of this paper, we refer to such fibers as composite fibers. Introduction of even lossless analytes into the fiber core leads to significant changes in the modal losses, which is used as a transduction mechanism. With a refractive index resolution on the order of $10 À3 RIU, the composite fiber-based sensor is capable of identifying various gaseous analytes and aerosols or measuring the concentration of dust particles in the air.
In general, two-wire plasmonic THz waveguides combine both low loss performance and low group velocity dispersion. Moreover, the field distribution in the fundamental mode of a two-wire waveguide is similar to that emitted by the dipole-type photoconductive THz antennas. This allows efficient excitation of the two-wire waveguides using standard THz sources. 10, 11 Finally, introduction of a porous cladding into the structure of a two-wire waveguide enables direct manipulations of such waveguides without the risk of perturbing the core-guided modes that are mostly confined in the gap between the wires.
The wave guiding in such composite fibers is most efficient for the light polarized parallel to the center line joining the two wires. A typical modal pattern represents the mixture of a plasmonic mode guided by the two wires, and a total internal reflection mode guided by the fiber plastic cladding. The presence of porous polyethylene cladding significantly complicates the modal structure of the waveguide. In order to distinguish predominantly plasmonic modes from the modes of a porous cladding, we also study the optical properties of the modes of a porous cladding alone (no wires). Among the modes of a composite fiber, there are plasmonic modes that have no corresponding analogue among the modes of a porous cladding. Plasmonic modes of a composite fiber are typically well confined within the central hole of a fiber cladding. In practical terms, it means that plasmonic modes are suitable for guiding THz light due to their strong confinement in the fiber hollow core, and as a consequence, relatively low loss and low group velocity dispersion, low sensitivity to bending, high tolerance to imperfections on the fiber surface and to perturbations in the environment. It is natural to expect high sensitivity of such sensors due to an almost perfect overlap between analytes filling the hollow core and optical modes of a sensor.
The outer diameter of the composite fiber in Fig. 1 is 900 lm, the wire diameter is 250 lm, the air hole diameter is equal to the wire diameter, and the gap between the wires is 200 lm. Theoretical modeling of modal excitation efficiency by a linearly polarized Gaussian beam (which is a typical field pattern produced using photoconductive antennas) shows that in the 0.5-1.0 THz frequency range there is an efficient excitation of plasmonic modes (>20% coupling by power) that have high concentration of power in the cladding central hole. Transverse distribution of the longitudinal power flux of such mode at 0.71 THz is shown in Fig. 1(b) . The choice of this frequency is justified by the fact that in its vicinity, localization of the mode changes from the core bound to cladding bound. At lower frequencies (0.5-0.7 THz), the plasmon is propagating at the air/metal interface with a significant amount of energy concentrated in the central air hole between the two wires. At higher frequencies (>0.7 THz), the plasmonic mode leaves the central air hole, while localizing in the vicinity of the metal/plastic/air junctions (see Fig. 2 ). As we will see in the following, such behavior is advantageous for sensing applications.
To demonstrate sensing applications, we first assume that the central hole of the fiber is filled with analyte in gaseous or aerosol forms. In this case, the core refractive index is changed uniformly and throughout the fiber core. In our simulations, we only vary the real part of the analyte refractive index, while assuming that the gaseous analyte has negligible absorption. This is only to show the resonant nature of the transduction mechanism. Unequivocally, the same sensor will also detect changes in the analyte absorption. In the following simulations, we use 1.514 as a frequency independent refractive index of the polyethylene cladding with frequency dependent material loss a½cm À1 ¼ 0:28 Â 2 ( is in THz).
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In Fig. 3 , we show how optical properties of the plasmonic mode change when varying the analyte refractive index (core refractive index). In these simulations, we kept the operation frequency fixed at 0.71 THz. Clearly, strong changes in the fiber optical properties with respect to changes in the analyte refractive index are desirable for the optimal design of a fiber refractometer. From Fig. 3(b) , we note, for example, that the rate of change in the modal absorption loss is the highest when the core refractive index is close to 1, which is most suitable for the design of refractometers operating with gaseous analytes. It should be noted that we present the modal effective refractive index and absorption losses for values of the analyte refractive index below 1 only to demonstrate that the slope of these curves is the steepest (or nearest to the steepest value) for the values of analyte refractive index typical for analytes in a gaseous form. This high sensitivity of the modal loss on the value of the core refractive index is directly related to the choice of the operational frequency of 0.71 THz at which core guided mode shows significant changes in its localization preference from the hollow core at low frequencies into the plastic cladding at higher frequencies. Analysis of changes in the phase of transmitted light can give another modality for the multimeasurand detection using hybrid plasmonic THz fibers. Changes in the modal effective refractive index of the plasmonic guided mode [see Fig. 3(a) ] can be determined from variations in the phase of transmitted light. However, the phase-based sensing approach is beyond the scope of this paper and we rely on the absorption-based method which offers simplicity of implementation and lack of ambiguity in the interpretation of results, which is often the case with the phase sensitive methods.
We now consider various factors that influence resolution of the refractometer. As before, we suppose that analyte is lossless. First of all, from Fig. 4 , we notice that for a given value of the analyte refractive index n a , sensor's sensitivity can be optimized by the judicial choice of the operation frequency . Particularly, in Fig. 4(a) , we present absorption losses of the plasmonic mode of a three-hole composite fiber as a function of the analyte refractive index for various choices of the operation frequency. As demonstrated, 13 for a given value of the analyte refractive index, the optimal choice of the operation frequency is the one that maximizes an amplitude sensitivity defined as 
where a m ðn a ; Þ is the absorption loss of a plasmonic mode. Resolution of a sensor can then be calculated by assuming that 1% change in the transmitted amplitude can be reliably detected, from which sensor resolution is calculated as 0:01=S a ðn a ; Þ. Consider, for example, gaseous analytes with refractive index close to 1. From Fig. 2 , we observe that the nature of modal localization changes rapidly in the 0.7-0.9 THz frequency range from the core-guided to the cladding-guided. Consequently, this results in significant changes in the fiber absorption losses in this frequency range. Therefore, it is not surprising to find that the refractometer's sensitivity achieves its maximal value of 2:02 RIU À1 at 0.9 THz, with the corresponding resolution of 5 Â 10 À3 RIU. The maximal sensitivity is achieved at 1.0 THz and is equal to 6:98 RIU À1 , resulting in the sensor resolution of 1:4 Â 10 À3 RIU. At this point, it is necessary to compare the sensitivity of the proposed sensor to that of the other devices reported in literature for optical refractive index sensing. Amplitudebased sensors are rarely studied in the terahertz range; the highest theoretical value of sensitivity was reported for a fiber sensor 14 composed of a subwavelength porous polymer fiber with a thin ferroelectric layer wrapped around it. Phase matching of a plasmon-like mode with the fundamental core guided mode of a low loss porous fiber is highly sensitive to the gaseous analyte refractive index, which resulted in a resolution below 10 À3 RIU. More common spectral-based sensors include parallel-plate waveguides with a single 8 or multiple 15 resonant cavities with experimentally observed sensitivities of 91 À 225 GHz=RIU, which yields a resolution of 4 Â 10 À3 À 1:1 Â 10 À2 RIU if we take into account a typical 1 GHz spectral resolution of a time domain THz setup. Vapor sensing has been shown by means of a simple pipe waveguide 9 where insertion of vapor into the hollow core of the pipe leads to a shift if resonant transmission dips. The experimentally obtained sensitivity is around 22:2 GHz=RIU (resolution 4:5 Â 10 À2 RIU assuming 1 GHz resolution of a THz-TDS setup). Precisely engineered metamaterial array-based sensors 16, 17 have the highest experimentally shown sensitivity to the refractive index of the dielectric placed in direct contact with their surfaces. The resonant frequency shift results in 160 À 430 GHz=RIU sensitivity (resolution 2 Â 10 À3 À 6 Â 10 À3 RIU). From the comparison of sensor resolutions, it follows that the proposed device combines both the sensitivity comparable to that of the best demonstrated sensors while being cost effective and easy to manufacture.
The geometric parameters of the fiber can be also optimized to increase sensor resolution. Thus, Fig. 5 presents resolution of the refractometer for different values of the fiber diameter, the wire diameter, and the gap size between the wires. In these simulations, we kept the operation frequency fixed at 0.71 THz and the analyte refractive index close to 1. Since plasmonic mode of a composite fiber is generally well confined within the central hole region of the fiber; the refractometer resolution is not strongly sensitive on the fiber and wire diameters [see Figs. 5(a) and 5(b)]. In contrast, inter-wire gap size has the strongest influence on the refractometer resolution [see Fig. 5(c) ]. There is virtually a linear dependence of the resolution on the distance between the wires. Smaller gaps between the wires result in faster (with frequency or core refractive index) changes in the nature of modal localization, and thus, result in higher sensitivities. Thus, resolution as small as 3 Â 10 À3 RIU can be achieved for the inter-wire distance of 50 lm.
In summary, we have proposed a hybrid refractometer based on practical plasmonic THz fibers that feature two metallic wires inserted into porous dielectric cladding. Introduction of even lossless analytes into the fiber core leads to significant changes in the modal losses, which is used as a transduction mechanism. Resolution of the refractometer has been investigated numerically as a function of the operation frequency and the geometric parameters of the fiber. We have shown that amplitude-based detection method leads to sensitivities to the changes in the gaseous analyte refractive index on the order of $10 À3 RIU. 
